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Abstract 
The diamond gemstone industry is characterized by a highly fragmented value chain and its reliance on skilled craftspeople. Since 
the Middle Ages, the city of Antwerp in Belgium has been a global center for diamond cutting and polishing, but over the last 
decades a major share of the production has shifted towards new cutting and polishing centers in Asia, predominantly in India and 
China, due to the fact that these processes are very labor intensive. A recent technological innovation, grain independent polishing 
(GIP), allows polishing diamonds independent of the polishing direction in a cold process, such that for the first time in history a 
fully automatic diamond polishing process becomes a possibility. One possible valorization scenario of this technological 
innovation is the development of an Product-Service System (PSS) business model, whereby a service center is set up in Antwerp 
that provides a diamond cutting and polishing service charged ‘per finished carat’. This scenario has been investigated in a case 
study described in this article, whereby the added value of GIP has been analyzed in a stochastic simulation model. The effects on 
cost as well as lead time, quality and risks have been evaluated and a sensitivity analysis has been performed. Estimates for the 
input parameters were gathered through structured interviews with diamond processing companies and industry experts. The 
described case study illustrates how the economic feasibility of a PSS business model can be investigated in a structured way and 
shows how the global competitiveness of a novel manufacturing concept can be analyzed during a technological innovation project. 
 
© 2013 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The value chain of the diamond gemstone industry is 
highly fragmented. Between the exploration of diamond 
ore and the retail sales to the final consumer, a diamond 
travels along the ‘diamond pipeline’, going through 
activities that are dispersed both geographically and 
organizationally. From ‘mine to finger’, a diamond 
typically changes hand between a dozen stakeholders 
and covers a distance of several 10.000 kilometers. The 
city of Antwerp in Belgium has always played a 
dominant role in this global network. At present it is still 
the global trading capital. It is stated that more than 80% 
of the world’s rough diamonds and more than 50% of 
the polished diamonds are traded in one of its diamond 
exchanges [1]. From the Middle Ages until the early 
1980s, Antwerp was also the global center of diamond 
cutting and polishing, but over the last decades this 
position was lost to polishing centers in India and China, 
due to the availability there of low cost labor. At present, 
cutting and polishing in Antwerp is restricted to high 
value added diamonds [2]. 
The traditional polishing process of a diamond 
requires that the appropriate polishing direction (‘grain’) 
is sought by a skilled craftsman, because the removal 
rate depends significantly on the polishing direction due 
to the diamond’s crystalline structure [3]. This factor 
makes diamond polishing quite labor intensive and 
requires highly skilled polishers. Grain Independent 
Polishing (GIP) is a technological innovation developed 
by WTOCD, the scientific and technical research center 
for the Belgian diamond gemstone industry, that allows 
polishing diamonds independent of the grain, in a cold 
process [4]. Therefore, with GIP the polishing process 
can be completely automated.  
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There are different possibilities for the valorization of 
the technological innovation in GIP: the core technology 
can be licensed or implemented in a manual installation 
or it can be embedded in a fully automatic 
manufacturing system brought to the market as capital 
equipment. An alternative is a Product-Service System 
(PSS) model, whereby the GIP technology is not sold as 
a product but rather commercialized as an automated 
‘polishing service’, charging customers for delivered 
functionality, i.e. ‘per finished carat’. One advantage of 
this model is that in this case there is more control over 
the technology, while if GIP is commercialized as an 
investment good to customers in China and India, it is 
expected that it is only a matter of time before 
intellectual property rights (IPR) are infringed. IPR 
infringement is not uncommon in these countries [5].  
This article presents a case study whereby the 
economic feasibility of a GIP PSS scenario has been 
investigated. Both the current situation (i.e. the process 
steps to transform a rough into a finished gemstone) and 
the new situation (through operation of a GIP service 
center) were taken into account. It is important to realize 
that although the core technological innovation of GIP 
has been accomplished, the research project is still 
ongoing to develop a complete automated solution. 
Therefore, there is still uncertainty about the technical 
parameters of the GIP process and the presented case 
study allows directing the attention of the R&D team 
towards the technical parameters with the highest impact 
on the profitability of this technology. 
The structure of this article is as follows: Section 2 
presents the methodology as well as the main results of 
its application on this particular case study. A summary 
and some generic conclusions are provided in Section 3. 
2. Case study: methodology and results 
The economic potential of a PSS depends primarily 
on its ability to meet customer needs in a more effective 
and efficient way than available solutions [6]. 
Quantitatively, this ability can be expressed as a 
potential value increase or cost reduction that can be 
realized per delivered functional result [7]. Cost depends 
on the resources consumed to deliver a functional result, 
while value corresponds to a customer’s maximal 
willingness to pay for the fulfillment of demands. These 
definitions of cost and value correspond to the value-
price-cost framework originally proposed as a 
bargaining model by Tirole [8]. Thus, there are two 
scenarios to be compared in this case study: 
 the current scenario, whereby diamonds are 
processed according to the traditional, manual 
processes 
 the GIP scenario, whereby automatic GIP is 
embedded in the process chain. 
For this comparison, a slightly adapted version of the 
methodology to quantify the economic potential of a 
PSS, presented in reference [7], is followed. The 
methodology requires four steps: 
1. Goal and scope definition 
2. Simulation model construction 
3. Data gathering and validation 
4. Analysis of output distributions, sensitivity 
analysis and conclusions 
Each of these steps is briefly discussed in the next 
sections 2.1 to 2.4. 
2.1. .Goal and scope definition 
The first step requires defining the goal and scope of 
the assessment, including the (a) type of functional 
result considered as a reference basis, the (b) relevant 
cost and value components and (c) the customer 
segments.   
The functional result (standardized unit of function 
delivery [9]) under consideration is the ‘transformation 
of one rough into one or more polished diamonds with 
maximal price’. The price of a diamond depends on a 
complex interaction of different parameters, known in 
the industry as the ‘four C’s’: color (as a general rule a 
white diamond is more valuable than a diamond that is 
more yellow), clarity (dependent on the number of 
material defects, evaluated according to a clarity grading 
scale), cut (which reflects the symmetry, proportions and 
polish of a diamond) and carat (the stone’s weight 
expressed in carats, i.e. units of 200 mg). Because 
diamonds are consumed not for their intrinsic utility but 
for the impression they make on others, diamond pricing 
demonstrates anomalies, such as price premiums of 25% 
that customers are willing to pay for a 0.50ct diamond 
over a 0.49ct diamond [10]. 
The cost components taken under consideration 
reflect the monetary resources consumed in order to 
realize a functional result in the current scenario and in 
the GIP scenario. These costs are, for the current 
scenario, on the one hand the cost paid to subcontractors 
for polishing in India or China, that are expressed in 
US$ per carat of rough diamond, and on the other hand 
the costs of transporting the diamonds back and forth to 
the subcontractor, that are expressed in US$ per 1000$ 
of value that is transported. For the GIP scenario, the 
total cost consists of the investment in the automatic GIP 
processing units (called modules), the consumables (e.g. 
grinding disks, emulsion) and the labor costs (operator). 
A Life Cycle Costing approach is followed [11], 
whereby costs are aggregated over different years by 
calculating the Net Present Value (NPV), using the cost 
of capital as a discount rate. 
The value components in realizing the functional 
result were determined to be the following: 
397 Joris Van Ostaeyen et al. /  Procedia CIRP  7 ( 2013 )  395 – 400 
 
 The effect on the lead time, which is the total time 
period between the moment that the rough diamond 
is received by the diamond processing company and 
the moment that it is handed over to the customer. 
This effect is translated into monetary terms by 
applying a cost of capital (yearly %).  
 The effect on the risks of damaging the diamond in 
the process chain.  
 The effect on the quality of the diamond, which 
determines its price. 
The customer segments in the diamond industry can 
be roughly distinguished based on the final weight of the 
diamond. Four segments were considered within the case 
study, based on discussions with industry experts:  
 0.25 – 0.39ct (segment A) 
 0.40 – 0.49 ct (segment B) 
 0.50 – 0.69 ct (segment C) 
 0.70 – 0.99 ct (segment D) 
These represent the final weights of the diamond 
(carats finished), which are related to the weight of the 
rough diamond (carats rough) through the recovery 
weight (typically ranges from 40 to 50%). 
2.2. Simulation model construction 
The economic model is implemented as a stochastic 
Monte Carlo simulation model in a spreadsheet 
environment, whereby the following input parameters 
are included: 
Characteristics of the stone: 
 its final weight in carats 
 the price of the finished stone per carat 
 the ratio of rough price per carat versus finished 
price per carat 
 the yield (ratio of end over rough weight) 
Characteristics of the customer: 
 the cost of capital, expressed as a yearly % 
Process parameters of the current scenario: 
 the cost per carat rough of polishing in India or 
China, for the 4 different customer segments 
 the total lead time for polishing in China or India 
 the cost per 1000 US$ of value transport to China or 
India 
Process parameters of the GIP scenario: 
 the capacity of the modules, determined by the 
number of working hours per year. 
 the total effective equipment performance 
 the investment cost of the 3 main modules within 
the automatic GIP polishing system 
 the useful life of the modules 
 the unit cost of the consumables (grindings disks, 
emulsion) 
 the total lead time of the GIP process 
 the useful life of each consumable, expressed for 
some parameters in the number of stones and for 
others in the number of carats removed 
 the time of the different process steps, expressed as 
a sum of base time (identical for each stone) and 
additional time per carat removed 
 the yearly maintenance cost of the modules, 
expressed as a percentage of the investment cost 
 the hourly labor cost for the operator 
Each of these input parameters is defined as a 
distribution which reflects its underlying uncertainty and 
variability. Since most parameters were defined based on 
expert opinion, as highlighted in Subsection 2.3, mainly 
uniform distributions and PERT-distributions (truncated 
Beta-distributions characterized by minimum, maximum 
and most likely value) were used. 
The outputs of the simulation model are: 
 CC: the capital cost gained per finished carat of the 
GIP vs. the current scenario, calculated as the value 
of the rough stone * the difference in lead-time in 
days of GIP over current scenario * cost of capital 
(% per year) / 365 
 TC: the transport cost saved in the GIP scenario vs. 
the current scenario (back and forth) 
 CPSGIP and CPCGIP: the cost per stone and cost per 
carat finished of the GIP scenario 
 the added value per carat finished of the GIP 
scenario over the current scenario, whereby the 
added value AV is calculated as:  
 
AVCHINA = CC + TC – CPCGIP + CPCCHINA (1) 
AVINDIA = CC + TC – CPCGIP + CPCINDIA (2) 
 
CPC is the cost per carat finished of polishing in 
China or India. The added value was calculated for each 
segment (A to D) of diamonds. 
2.3. Data gathering and validation 
Extensive data collection was required to obtain 
estimates for the different parameters: 
 Prices of finished and rough gemstones for the 
different segments where obtained by analyzing 
commercially available price lists, such as 
RAPAPORT. 
 A specialized diamond transport company provided 
approximate prices for transporting diamonds to 
China or India, expressed as US dollar per 1000 
US$ value transported. 
 Representatives from three diamond processing 
companies provided insights in their complete 
process chain from the moment rough stones are 
bought until the finished stones are transferred to 
their customers. The following topics were 
discussed: which process steps are required, which 
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criteria apply to judge the outcome of each process 
step, how long does each step take in terms of 
processing time and in terms of lead-time, which 
risks are involved and what are the main issues and 
problems they face in practice. 
 Specialists from WTOCD provided estimates for the 
different process parameters of the GIP scenario, 
whereby each estimate was given as three numbers: 
optimistic, most likely and pessimistic value. 
 Representatives from four other diamond processing 
companies provided market values for the cost of 
polishing in India and China for the different 
segments.  
These data were validated by presenting preliminary 
results to the different people involved such that input 
parameter estimates and the presentation of output 
results could be corroborated from independent data 
sources.  
2.4. Analysis of output distributions, sensitivity analysis 
and conclusions 
In this Subsection, some results are presented of the 
analysis of the output distributions and of the sensitivity 
analyses with the simulation model outlined in 
Subsection 2.2. For confidentiality reasons, the scales of 
the X-axes of all figures have been adapted with a non-
specified offset. 
At first, the cost per stone and cost per carat of the 
new process (GIP automatic polishing) were analyzed. 
This cost was determined for 16 different scenarios, i.e. 
a combination of: 
 One of the four diamond weight categories A, B, C 
or D (Cfr. Subsection 2.1) 
 One of four occupancy scenarios, which determines 
the number of available machine hours, taking into 
account a total effective equipment performance 
[12] ratio of 0.75 à 0.85. Each occupancy scenario is 
determined by S, the number of shifts per working 
day (1, 2 or 3), and D, the number of working days 
per week (5 or 7). The following scenarios were 
taken into account: 5D1S, 5D2S, 7D2S and 7D3S. 
The results of the cost per carat polished, for each 
combination of these scenarios is presented in box plots 
in Figure 1.  
Based on this graph, the following conclusions were 
derived: 
 There is a significant difference between the costs 
per carat for the different weight categories. There is 
some variation in the cost per stone of the new 
process dependent on the size of the stone (and the 
number of carats that is removed), but this 
difference is relatively limited. Therefore, smaller 
stones (i.e. categories A and B) have a significantly 
larger cost per carat finished than larger stones. 
 Due to the fact that the maintenance costs and 
the amortization of the investment price depend on 
the occupancy scenario, a lower occupancy (i.e. 
5D1S) results in a significantly higher cost per carat. 
The differences between the three other occupancy 






















Several sensitivity analyses were performed, for 
example one for the cost per carat of occupancy scenario 
5D2S for segment D. The evolution of the conditional 
average in function of certain input parameter variations 
was examined. In this way, a ranking has been obtained 
of the input parameters according to the highest relative 
contribution on the cost per carat of the new (GIP) 
process, in a so called ‘tornado chart’, such as the one 



















Fig. 2: Evolution of the conditional average cost per carat 
polished of scenario D 5D2S in function of input parameter 
variations. 
Fig. 1: Cost per carat polished of the GIP scenario for the 
four weight categories (A, B, C and D) and the four 
occupancy scenarios. 
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The following conclusions were derived from the 
sensitivity analysis: 
 The most important technical parameters of the GIP 
process are the lifetime of the grinding disks and the 
cost of these disks. This observation focuses the 
attention of the research team on the optimization of 
these critical design parameters. 
 The maintenance and investment costs are less 
dominant in the output distribution. 
Subsequently, the distributions of the added value of 
GIP versus polishing in China or India were analyzed. It 
was decided to focus on the second occupancy scenario 
(5D2S) and to derive four different outputs: 
 The ‘variable’ added value of GIP versus current 
scenario for variable GIP process parameters, 
whereby each process parameter was modeled as 
either a PERT or Uniform distribution. 
 The ‘optimistic’ added value of GIP versus current 
scenario, whereby all the GIP process parameters 
are modeled as a single number, namely the 
optimistic estimate 
 The ‘pessimistic’ added value of GIP versus current 
scenario, derived from pessimistic process 
parameter estimates. 
 The ‘most likely’ added value of GIP versus current 
scenario, derived from most likely process 
parameter estimates. 
In Figures 3 and 4 the box plots are presented for the 
optimistic and pessimistic added value of GIP versus the 
current scenario in China or India. Based on these 
results, the following conclusions were derived: 
 The added value versus China is significantly larger 
for all possible scenarios than that versus India, 
based on different processing costs in the traditional 
scenario. 
 For segment A, the added value is always negative, 
even in the most optimistic scenario, due to the 
large cost per carat of the GIP process and limited 
savings in capital and transport costs.  
 For segment D, the added value is always positive, 
except for the pessimistic case, where it is 98% 
negative versus India and 72% negative versus 
China. With the most likely and optimistic values 
for the process parameters, automated polishing 
with GIP can be performed. 
 For segment B, GIP is only profitable for optimistic 
process parameters versus China (in about 83% of 
the cases).  
 For segment C, GIP has added value versus China 
in the optimistic, variable and most likely cases, and 
versus India only in the optimistic case. 
A sensitivity analysis has been performed of the added 
value for segments C and D, with the following 
conclusions: 
 The variation in added value is mostly correlated 
with the current market prices of polishing in China 
and with the value of the stone, which determines 
the transport and capital costs. Subsequently, the 
variations in the GIP process parameters are critical. 
 For segment C, the variation in GIP process 
parameters is slightly more important in explaining 
the variation of the added value, whereas the cost of 
polishing in China or India is less crucial. So 
especially for the smaller segments of stones, it is 
important to optimize GIP process parameters. 
 
3. Conclusions and outlook 
The economic potential of a PSS for GIP automated 
diamond polishing has been investigated in detail. The 
 
Fig. 3: Distributions of the optimistic added value of GIP 
versus traditional polishing for the different weight 
categories (A, B, C and D) versus China or India. 
 
Fig. 4: Distributions of the pessimistic added value of GIP 
versus traditional polishing for the different weight 
categories (A, B, C and D) versus China or India. 
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main conclusions drawn from this case study are that the 
profitability potential depends strongly on the targeted 
weight category. Due to a smaller cost per carat polished 
of the GIP process and larger savings in capital and 
transport costs, the largest types of diamonds (segment 
D) are the ones with a robust, positive added value, and 
with a strong profitability potential. For segments C and 
B, in some cases GIP can be competitive, depending 
mainly on some key GIP process parameters, on the 
material value and on the market prices for polishing in 
China or India. A detailed analysis within these 
segments is possible to determine the sub segments with 
the largest profitability potential (e.g. with a certain 
combination of the ‘four C’s’). Apart from the 
importance of targeting the right segments and 
controlling the most important GIP process parameters, 
the importance of ensuring that the machine occupancy 
is large enough has been demonstrated.  
This case study illustrates how the methodology of 
reference [7] can be applied to analyse the economic 
potential of a PSS. Some generic conclusions were 
derived from application of this technique in this 
particular industry: 
 The different input parameters of the simulation 
model should be organized according to a logical 
categorization, i.e. in this case discerning for 
example GIP process parameters (that are in 
principle subject to optimization within the R&D 
project) from characteristics of the stone (that can 
be used to determine the types of stones on which 
the development should focus).  
 It is crucial to choose either distributions to 
represent the uncertainty and variability of specific 
parameters or to determine a set of scenarios on 
some key variables. This decision should be done 
pragmatically and ad hoc, based on the different 
decisions that can be taken through application of 
the quantitative method. For example, it is far more 
informative to discern four different weight 
categories for the diamonds between 0.25 and 1.00 
ct than to apply a single distribution, because this 
will have a large impact on the results. Likewise, it 
is far more informative to distinguish the four 
occupancy scenarios than to include occupancy as a 
single statistically distributed parameter within the 
simulation model. Thirdly, the optimistic, 
pessimistic and most likely scenarios for the GIP 
process parameters can illustrate the effect of an 
optimization of the GIP process design. 
 Validation of input parameter estimates from 
different, independent sources is crucial to come to 
robust and credible conclusions, especially if expert 
opinions are an important source of information. 
 The presented study has a clear benefit to steer 
R&D professionals towards the optimization of 
technical parameters with the largest effect on the 
economic potential of the technology they are 
developing. Therefore, application of this kind of 
analysis should preferably be carried out early in 
R&D projects, where there are still more degrees of 
freedom in focusing R&D attention.  
Future research could explore more in detail for which 
sub segments of the diamond gemstone industry the 
added value of GIP is positive. Also, a similar analysis 
can be performed for the synthetic diamond industry. 
More research is needed as well on the evaluation of the 
economic potential of a PSS model for other types of 
products. The presented case study focuses on a PSS for 
a recent technological development, where uncertainties 
related to technical parameters are dominant, but case 
studies for other applications (e.g. investment goods 
with mature technology) could offer a complementary 
perspective. 
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